Abstract
Introduction
Demands of high-speed performance and low power consumption require robot to be lighter. However, the lighter parts are more likely to elastically deform or vibrate due to the inertial and external forces. Hence, for better positioning accuracy, flexibility effects need to be considered and assume greater importance in current day high-speed robot. The performance of the robot may be rendered unacceptable due to the positioning inaccuracies, and early fatigue failure may occur due to the magnified stress levels coupled with their cyclic nature. Thus it becomes necessary to include in the dynamic analysis of robots, not only the effect of the rigid body motion, but also the flexibility of the robots.
To alleviate the vibration problem that plagues lightweight mechanisms, there are basically five design philosophies which have been developed to improve the elastodynamic responses. The first involves designing robot in the conventional materials with optimization of the geometry of the members. The second one uses additional damping materials to dissipate the vibration energy. The third advocates that the parts should be made of advanced composite materials because of their high damping and high stiffness-to-weight ratio. These three design concepts may be referred to as passive vibration control. The fourth introduces a microprocessor-controlled actuator into the original mechanism to reduce the deflection of the flexible linkages. The last involves the application of smart materials featuring distributed actuators and sensors to the linkage mechanisms to control unwanted vibration [1] [2] . These two kinds of control may be classified as active vibration control. With recent advances in composite technology, smart materials, such as optic fibers, piezoelectric ceramics and polymers, and shape memory alloys, which can be bonded and embedded in composite laminates and structures, play a significant role in the active vibration control. Although passive vibration control techniques are generally less complex, there is a limit to their effectiveness. Active vibration control strategies, on the other hand, can be very effective but require more complex algorithms.
The developments in the field of piezoelectric materials have motivated many researchers to work in the field of smart structures. The smart robots can be defined as the one that can sense external disturbance and respond to that with active control in real time to maintain the mission requirements. A few attempts have been undertaken towards the application of smart materials to control the elastodynamic vibration of lightweight mechanisms. Liao derived the finite element equations of the above mechanism and studied the active vibration control problem both analytically and experimentally [3] . Trevisani proposed and tested experimentally the control scheme for a four-bar linkage which achieves efficient positioning and vibration suppression performances [5] . Zhang studied the active vibration control problem for the high-speed flexible mechanisms all of whose members were considered as flexible by using complex mode method and robust H  control scheme [6] . Van Phuoc Phan has proposed and developed a lookup table control method for a flexible manipulator that can tune itself to optimal parameters on the basis of the initial maximum responses of the controlled system and a genetic algorithm [9] . N. Bel Hadj Ali described dynamic behavior and vibration control of a full-scale active tensegrity structure, and a multi-objective vibration control strategy is proposed [10] . Y.A Huang proposed a sliding mode vibration control is carried out by modifying the self-stress level of the structure through small movement of active struts in order to shift the natural frequencies away from excitation [11] . Based on the generalized Hamiltonian principle and the first-order approximation coupling model theory, a fully coupled nonlinear model for a rotating flexible smart structure with a tip mass is proposed, in which the geometrically nonlinear effects of the piezoelectric layers coupled with the structure and the structural large deformation are considered. M. Hassan presented a new application of model-based predictive controller (MPC) for vibration suppression of a flexible one-link manipulator using piezoceramic actuators. Simulation and experimental studies were conducted to investigate the applicability of the MPC strategy to control vibration of the flexible structure having multiple inputs and multiple outputs (MIMO) [12] . I. Payo presented a feedback control law for regulating the contact force exerted by a very lightweight singlelink flexible manipulator when it comes into contact with a motionless object. This control law is based on a lumped-parameter model. In this work the force control problem is studied for both free and constrained motions of the flexible manipulator, and a collision detection algorithm is also described [13] . B. Rong proposed a new method named as the discrete time transfer matrix method for controlled multibody system (CMS) to study dynamics of CMS with real-time control in this paper [14] . In these papers, the effects of the complicated loads disturbances and output noise on the parallel robot operated at the high speed were not taken into account in these control schemes. Thus the random disturbance and measurement noise of the actual high-speed parallel robot should be considered by these currently proposed vibration control strategies. The issue of robustness against external disturbances was not addressed, and therefore the proposed vibration controllers cannot be effectively applied to the smart flexible robot under the random uncertain disturbances. Because variable structure control has inherent robustness to system parameter variation and external disturbances, it is meaningful to investigate its application in vibration control of flexible robots.
In this paper, the vibration control of a flexible parallel robot is investigated by using discrete variable structure control based on reaching law. The paper is organized as follows. In section 2, a dynamic model of a flexible robot bonded with piezoelectric actuators and strain gauge sensors were obtained. In section 3, a variable structure controller based on reaching law was presented and the Kalman filter technique is employed to construct a discrete state estimator. In section 4, experimental mode test of the high-speed robot is performed to obtain its modal parameters. And the experimental validation is carried out by utilizing the dSPACE DS1103 PPC digital system and software MATLAB/Simulink. Conclusions are given in section 6.
Dynamic modeling of flexible robot
The modeling of smart robot with piezoelectric actuators and sensors has been a subject of intense research for a long time and is only briefly described here. The flexible part is modeled by using a twonode beam element. The beam element is shown in Fig. 1 , which has two nodes with four degrees of freedom at each node; namely The transverse and longitudinal displacement fields of two-node beam element are constructed using the quintic hermite and linear interpolation polynomials, respectively.V , W denotes longitudinal and transverse elastic displacement of arbitrary point, respectively. They can be written by the following form
The system dynamic equations can be obtained by using the finite element method
where M , C , K are the systematic mass, damping, stiffness, respectively. U , U  , U  are the generalized displacement, velocity, and acceleration vectors of the system, respectively. P is the systematic generalized disturbance force vector corresponding to vector U . The piezoelectric patches work as actuators are perfectly bonded on the upper and lower surfaces of the beam at the same location. For the modeling of PZT actuators, literature [10, 11] provides a detailed derivation of coupling of PZT actuators and a host beam. These bending moments induced by the actuators is given by
where 31 d , p E , p b , p t is piezoelectric constant, elastic module, width, and thickness of PZT patch, respectively. a t is the thickness of the beam element, in V is the vector of input voltage to the piezoelectric actuators. The moments are assembled as a part of the external moments exerted on node. Strain is the amount of deformation of a structure due to an applied force. Strain gauge is the most common sensor for measuring strain. A strain gauge's electrical resistance varies in proportion to the amount of strain placed on it. The deformations mainly include compression or tension and bending deformation for the flexible beam. The strain  in x direction is given by
where L  is compression or tension strain and B  are longitudinal strain due to bending deformation, respectively. They can be given by 
Using zero-order hold on the inputs and a sample time of s T seconds, the continuous-time model is discretized to yield the following discrete-time state equations
Variable structure control
The controller adopted in this research is a discrete-time variable structure controller with disturbance observer. Because flexible robot is influenced by uncertain external disturbances and measurement noise, and its parameters is uncertain, sliding mode variable structure control can assure that sliding mode of system is independent on exogenous disturbances and parameter perturbation. For the purpose of suppressing the vibration of the flexible robot, the controller design employed in this problem is essentially a regulator design. Since the modal positions and velocities of the system are not directly measurable, a state observer may be employed to obtain the estimated states. The Kalman filter can provide an efficient way to estimate the state of a process, in a way that minimizes the mean of the squared error. The block diagram of the control system is shown as Fig. 2 .
Figure 2. Geometric Configuration of a Parabolic Flexure Hinge
We first design a discrete-time Kalman state estimator according to Eq. (10), the uncertain external disturbance signal and measurement noise satisfy 
According to the objective of vibration control of the structure, we can assume the switch functions ( ) k s
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The control law can be obtained from Eq. (15) in the following form.
The exponential reaching law is applied to design the law discrete sliding mode controller, and it can be expressed as
where the const ε denotes the speed as the motion points of the system reach the switch surface 0  s . sgn( )  is sign function. q is the exponential reaching parameter. Substituting Eq. (17) into Eq. (16), the discrete control input voltages based on exponential reaching law can be obtained 
Experimental validation of the controller
The schematic diagram and coordinate system of the parallel robot in our lab is shown as Fig.3 . It is a parallel robot with two flexible passive links. Taken into account the two passive links are slender, the two active links are treated as rigid body, and the passive links are treated as flexible. The global reference frame O-XY is defined in order to describe the dynamic model of the manipulator. The length 1 l of two active links is 0.28 m, the distance 3 l between coordinate origin O and the end of active link is 0.135 m. the length 2 l of two passive links is 0.505 m. Two passive links have rectangular crosssection parameters, its width and thickness are 20 mm, 2 mm, respectively. All elastic components are modeled as steel with elastic module, density and Poisson's ratio E =210GPa, 7800
respectively. Each flexible passive link is divided into 9 beam elements and 35 generalized coordinate to meet the need of accuracy and boundary conditions shown as in the Fig. 4 . Thus, the flexible robot is meshed into 18 elements and 70 generalized coordinates with respect to global coordinate system O-XY. The actuators are made of PZT-5H piezoelectric ceramic, which its thickness is 0.5 mm, length is 40 mm and width is 20 mm, piezoelectric constant 31 d , elastic module and density is Fig.3 . The three pairs actuator bonded on the passive link are located at elements 3 E , 5 E and 7 E . Symbols 1 A , 2 A , 3 A express the three pairs actuator bonded on the first passive link, respectively. The poling direction of the PZT actuator is perpendicular to the link surface. Two sensors 1 S , 2 S are located at the midpoint of elements 4 E and 6 E for the first passive link. For the second passive link, the configuration of the actuators and sensors is same as the first passive link. 4 A , 5 A , 6 A denote the three pairs actuator bonded on the second passive link, 3 S , 4 S represent two sensors placed on the second passive link. This section investigates the experimental identification of the flexible robot. The natural frequency and damping ratio can be obtained by using experimental modal test. Impulse hammer method is applied to perform experimental modal test. The ME'scopeVES software is used to identify the modal parameters of the flexible robot. The frequency response fitting curve is shown in Fig. 5 . The synthesis of the vibration controller is based on a nominal model constructed by low-frequency modes. In the present case, the first four-order mode of the manipulator is identified. During the system identification, a sample rate of 500 Hz is adopted for data acquisition. Hanning window and ensemble average are utilized to enhance the quality of data. In addition, the Chebyshev polynomial is employed to fit the transfer function. The first four-order nature frequencies and the corresponding damping ratios are identified and tabulated in Table 1 .To verify the validation of the proposed controller, active vibration control experiment of the flexible robot is performed. The gain of the dynamic strain gauge is set to 1000, the bridge voltage 6 V, cutoff frequency of filter is set to 100 Hz. The sampling frequency of analog input and output port is set to 1000 Hz. The first two order mode is considered as the controlled one. The covariance of excitation signal is set to 100 , respectively. The covariance of measurement noise is estimated as 
Conclusions
The vibration suppression of a high-speed flexible parallel robot has been investigated by using discrete-time variable structure control method taking account about uncertain external disturbances and measurement noise, and uncertain parameters of the flexible system. The discrete Kalman filtering technique is employed to construct state estimator. The natural frequencies and damping ratio are obtained by using experimental modal test and modify the theoretical model. The experimental validation of the proposed robust controller was carried out. And the experimental results showed that the proposed controller can effectively and rapidly suppress the vibration response caused by high speed operation of the parallel robot. 
